Dense suspensions of motile bacteria, possibly including the human gut microbiome, exhibit collective dynamics akin to those observed in classic, high Reynolds number turbulence with important implications for chemical and biological transport, yet this analogy has remained primarily qualitative. Here, we present experiments in which a dense suspension of Bacillus subtilis bacteria was flowed through microchannels and the velocity statistics of the flowing suspension were quantified using a recently developed velocimetry technique coupled with vortex identification methods. Observations revealed a robust intermittency phenomenon, whereby the average velocity profile of the suspension fluctuated between a plug-like flow and a parabolic flow profile. This intermittency is a hallmark of the onset of classic turbulence and Lagrangian tracking revealed that it here originates from the presence of transient vortices in the active, collective motion of the bacteria locally reinforcing the externally imposed flow. These results link together two entirely different manifestations of turbulence and show the potential of the microfluidic approach to mimic the environment characteristic of certain niches of the human microbiome.
Introduction
Many species of bacteria live in confined environments, such as animal guts [1] , marine detritus [2] and soil [3] , where they may attain very high cell densities. In the human gastrointestinal tract, bacteria can reach densities of 10 10 cells ml 21 or more [4] and can affect virulence mechanisms and increase antibiotic resistance through horizontal gene transfer [1] . Understanding the behaviour of dense suspensions of bacteria can provide windows into these difficult-to-observe microbial environments and may offer potential biophysical context for the intense efforts to describe the composition and functions of bacteria in the human microbiome. In recent years, dense suspensions of motile microbes have also represented an intriguing experimental [5] [6] [7] [8] and theoretical [9, 10] model system in the field of 'active physics': they allow one to profitably explore general principles of collective dynamics, because their spatio-temporal scales, organism densities and overall control over experimental conditions are far more tractable than classic model systems of collective dynamics, such as fish schools and bird flocks [11] [12] [13] . At high bacterial densities, flow patterns emerge in the suspension that have spatial scales one to two orders of magnitude larger than a single bacterium and are characterized by the presence of continuously morphing eddies and jets that have suggested the analogy with classic turbulent flow of simple fluids at high Reynolds numbers, resulting in the label 'bacterial turbulence' [8] . This similarity is surprising in view of the strong difference in the physical mechanisms generating vorticity in ordinary turbulence and in bacterial turbulence and has remained primarily qualitative. Here, we deepen the connection between classic turbulence and bacterial turbulence through novel experiments in which a dense bacterial & 2016 The Author(s) Published by the Royal Society. All rights reserved.
suspension is flowed in a microfluidic channel. These experiments on the one side provide a direct analogue with classic turbulence experiments, and on the other side represent a controlled model system for the often flowing, microbially dense human gut. The application of an external flow on a dense bacterial suspension led us to discover an intermittency phenomenon in the suspension at small imposed flow rates, which parallels the intermittency characteristic of the onset of ordinary turbulence [14] and shows that microbially dense environments can be characterized by considerable, system-intrinsic unsteadiness.
Material and methods

Bacterial strains and culture conditions
The bacterial strains used in this work were Bacillus subtilis wild-type strain OI1085 (4 mm in length, 1 mm in diameter). Cells were grown on Terrific Broth (TB, [15] ) agar plates from a frozen stock solution. A single colony from the plate was used to inoculate a 5 ml TB solution. Cultures were incubated overnight at 308C while shaking at 150 r.p.m. An aliquot of the overnight culture (1 ml) was inoculated to a fresh batch (50 ml) of prewarmed TB and incubated approx. 5-7 h until the culture reached the stationary phase. Before the experiment, the culture was centrifuged at 5000g for 5 min and the pellet was resuspended in 500 ml of fresh TB by gentle vortexing in order to keep cells intact and motile. To quantify cell densities, an aliquot of the bacterial suspension was amended with 0.2% (final concentration) formaldehyde to kill cells, diluted 1 : 200 and injected into a 6 mm-high microfluidic channel for cell counting. Four images with an area of 2.3 mm 2 from different parts of the channel were acquired and the number of bacteria contained in each volume was determined. The typical number of cells counted in one image was between 900 and 1400 depending on the initial concentration of the sample (corresponding, respectively, to a final concentration of 1.3 Â 10 10 cells ml 21 and 2 Â 10 10 cells ml
21
) and the standard deviation on the order of 4%.
Microfluidic experiments
We fabricated polydimethylsiloxane (PDMS) channels using standard soft lithography techniques [16] . PDMS microchannels were plasma-sealed onto a glass slide, on which previously a 300 mm-thick layer of PDMS had been deposited so that all boundaries of the microchannel were made of the same material. The microfluidic channel was connected to the syringes through gas permeable tubes (Silicone Tubing, VWR International) which, in addition to the small lateral dimension of the channel and the permeability of PDMS to gases [17] , ensured sufficient oxygen supply to maintain cell motility. Imaging of bacterial suspensions in flow was performed on an inverted microscope (Ti-Eclipse, Nikon, Japan) equipped with a digital camera (either Andor Neo 5.5 sCMOS; 2560 Â 2160 pixels, 6.5 mm pixel
21
; or Photron SA3; 1024 Â 1024 pixels, 17 mm pixel
). Images were acquired using bright-field microscopy with a 30Â magnification. The frame rate-370 fps with the Andor Neo 5.5 sCMOS and 5000 fps with the Photron SA3 60 K-was chosen based on the magnitude of the imposed flow rate. For the microrheology measurements, images were acquired in bright field at 10 fps (with the Andor Neo 5.5 sCMOS) and 10Â magnification.
Optical measurements of bacterial motion and density
The dense suspension (2 Â 10 10 cells ml
21
) was imaged using a recently developed optical correlation technique, ghost particle velocimetry (GPV) [18] , which yielded the velocity field in the suspension without the need of tracer particles. GPV measurements are based on monitoring the displacement in time of the speckle pattern generated in the image plane by a sample illuminated with a spatially partially coherent light source, such as a microscope condenser with reduced aperture. GPV allows to quantitatively map the fluid velocity field by calculating the time correlation function of the normalized intensity of the light scattered by nanometric size scatterers.
The working optical principles of GPV are the following. The light intensity scattered by N particles can be written as E s (q; t) ¼ B(q; t) E 0 (t), where E 0 (t) is the incident field and B(q; t) ¼ S i b i (q) exp[iqr i (t)] is the total scattering amplitude, in which b i (q) is the Fourier transform of the refractive index distribution of a single particle. In the so-called heterodyne configuration, the ensemble average of the scattering intensity is equal to zero, but the variance is a finite quantity proportional to the number of particles, N, which is given by where P(q) is a factor that depends on the single particle geometrical properties and S(q) is the form factor which depends on the particles' reciprocal positions. The variance of the image in the Fourier space is then defined as
where
and contains the term A(q), which depends also on the number of scattering centres in the scattering volume. For uncorrelated images,
, which contains, through A(q), information on the number of particles within a given scattering volume. As A(q) depends also on the characteristics and the illumination properties of the microscope, the precise measurement of the concentration of the scatterers requires an accurate calibration (see electronic supplementary material, figure S1 ). In our experiments, the information on the local concentration of the scatterers was obtained by calculating the variance of the image as where i s (x, y; t) is the total intensity detected by the camera and i s (t) ¼ ki s (x, y; t)l x,y was obtained by averaging in time over 50 successive frames. The local flow velocity is measured from the displacement of the speckle pattern using an adapted microparticle image velocimetry (mPIV) algorithm [19] .
Microrheology measurements
The viscosity of the bacterial suspensions was measured using a microfluidic Y-shaped channel (80 mm deep, 1 mm wide). A detailed description of the method can be found in [20] . Briefly, the technique is based on the determination of the interface position between two fluids of different viscosity, entering the channel side-by-side. The ratio of the viscosities between the two fluids can be determined from the ratio of the widths between the two streams. 
Numerical simulations
Vortex identification and tracking
We analysed the dynamics of vortices in the flowing bacterial suspensions by employing the so-called l-2 criterion [21] . According to this criterion, one can find vortex cores as connected regions that have two negative eigenvalues of the symmetric tensor
, where D and V are, respectively, the symmetric and antisymmetric portions of the velocity gradient tensor and the latter was computed directly from the velocity field obtained with the GPV technique.
Results and discussion
Tracking the flowing dense suspensions, we observed that the velocity field U displayed strong intermittency along the flow direction, x (figure 1a). The intermittency takes the form of changes in the cross-stream profile of the streamwise velocity, U x (y) (figure 1b,c; the subscript indicates the velocity component), which alternates between a parabolic profile (figure 1b, red circles) and a plug-flow profile (figure 1c, red circles). A parabolic profile is characteristic of dilute suspensions of colloidal particles in Newtonian fluids and was recovered in our set-up when we flowed a dilute suspension of 200 nm polystyrene spheres (figure 1b, full line). The flat-top structure of the plug-flow profile is generally the signature of shear-thinning fluids [22] and of concentrated suspensions of rigid rods [23] .
The intermittent flow profile originated from the motility of the bacteria. This was shown by control experiments with dense flowing suspensions of dead B. subtilis cells, at the same cell concentration, in which the flow field exhibited a continuous plug-flow profile without intermittency (figure 2). The absence of intermittency in flowing suspensions of dead bacteria also allowed us to rule out the eventuality that this phenomenon could stem from potential artefacts related to any unsteadiness in the externally imposed flow. The intermittency in the velocity field was not accompanied by fluctuations in cell concentration (figure 1d), implying that tracking the motion of bacteria, as done by GPV, yielded the velocity field of the suspension as a whole, including the bacteria and the suspending fluid.
Experiments with imposed flows of different magnitude showed that the strongest spatial intermittency occurred for the lowest flow rate applied, which corresponded to a mean velocity of approximately 100 mm s figure 3a) , which is approximately 10-fold larger than the characteristic velocity of the bacterial motion. An increase in flow rate also reduced the difference in the flow profiles of motile and non-motile bacteria, which both approached a parabolic flow profile ( figure 3b,c) . The shear rates used in these experiments (2.2-13.5 s
21
) are comparable to those that have been measured in the human gut (0.2-8 s
; [24] ). We hypothesized that the differences in the velocity profiles occurring in the intermittent flow may be caused by local differences in the effective rheology of the suspension, h eff . Through microrheology experiments (see §2.4), we found that the viscosity of a dense B. subtilis suspension, compared to that of their suspending medium, as a function of the mean shear rate displayed two distinct regions (figure 4a). For S , 3 s
, the viscosity of the suspension was approximately constant at any concentration of bacteria tested (0.9-1.8 Â 10 10 cells ml
; figure 4b ). For S . 3 s 21 the viscosity was found to decrease at increasing shear rates (shear thinning) at all cell concentrations (figure 4b), in line with what reported previously for E. coli suspensions [20] . Instead, a dense suspension of non-motile bacteria (figure 4a; black line) displayed a viscosity that monotonically decreased for increasing shear rates, the signature of a marked shear-thinning effect. As the predicted viscosity for a dispersion of For each flow rate, the velocity field U x ( y, t) was determined by interpolation from data acquired at a rate of 370 s
. U x was normalized by its maximum value (U xMax ) calculated in a time interval of 0.14 s. The mean velocity and the mean absolute value of the shear rate, S, across the channel are given for each case. (b,c) Cross-channel profiles of the streamwise velocity, U x (red circles), for a mean absolute shear rate of S ¼ 10 s 21 (b) and 100 s 21 (c). Also shown are the velocity profiles for a dense suspension of dead (i.e. non-motile) bacteria (black squares) and for a dilute suspension of small polystyrene spheres (solid lines). Results are compared with the numerical solution (dashed lines) of the flow using the dependence of viscosity on mean shear rate obtained from microrheological measurements [20] .
rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160175 rigid rods of similar aspect ratio and volume fraction (figure 4a, blue line) is expected to be Newtonian [23, 25, 26] , the observed shear-thinning behaviour could be due to the extended network of limp bacterial flagella; however, in the limit of high shear, the viscosity of the bacterial suspension approaches the expected value of h 1 ¼ 1:2 mPa s (figure 4a). Remarkably, h eff was more than 30% lower for motile compared with nonmotile suspensions at the lowest shear rate tested (S % 0.4 s 21 ), whereas it was comparable for motile and nonmotile suspensions at higher-shear rates (S . 10 s 21 ) (figure 4c), in line with the convergence of the velocity profiles of the two suspensions towards a parabolic shape with increasing flow rate ( figure 3b,c) .
We used the dependence of the viscosity on the shear rate obtained from the microrheological measurements as input to a finite-element numerical model of the velocity profile for a suspension of non-motile bacteria. The model yielded velocity profiles in good agreement with the experimentally determined profiles, particularly for the higher flow rates ( figure 3b,c, dashed lines) . These observations are consistent with the plug-flow profiles observed with non-motile bacteria (figure 1c), because the lower viscosity in the higher-shear portion of the channel near the sidewalls increases the local flow velocity compared with a parabolic profile, whereas the higher viscosity in the lower-shear portion of the channel near the centreline decreases the local flow velocity.
The velocity variations in the flowing bacterial suspension were caused by active intermittency, not by the passive alternation of volumes of motile and non-motile bacteria rigidly transported by the imposed flow. This was found by following classic turbulence theory [27] and decomposing the velocity field, U x (x, y, t) ¼ V x (x, y) þ u x (x, y, t), into a timeaveraged component, V x (x, y) ¼ kU x (x, y, t)l t , where k. . .l t denotes temporal averaging and u x (x, y, t) a fluctuating component (a similar equation applies to U y ). From the fluctuating velocities in the plane of observation, u x and u y , we computed the instantaneous turbulence intensity, y at channel mid-depth [28] ). While fluid elements largely followed the mean flow, with only small cross-stream oscillations (figure 5a), the turbulence intensity of each element changed markedly over the course of its journey (figure 5b,c), with I(t) varying between 0 and 45 mm s 21 over only a few seconds and sometimes exhibiting large, nearly periodic oscillations (figure 5b, pink). This analysis confirms that the entire bacterial suspension was always active during the course of the experiment and thus the intermittency did not result from a local quenching of bacterial motility. We propose that the observed intermittency results from the presence of flow structures characteristic of bacterial turbulence, like vortices, interacting with the imposed flow. To test this hypothesis, we applied the l-2 criterion, traditionally used in unsteady, wall-bounded turbulent flows to identify and track individual vortical structures as they are advected by the flow [21] . This criterion is particularly efficient in the identification of vortices in the presence of a background shear, a situation where other methods typically fail to distinguish between vortical structures and the vorticity generated in the shear layer. We found that an increase in the local streamwise velocity is generally associated with stronger vortices (i.e. vortex cores associated with high vorticity magnitude), located in the highest-shear regions near the channel sidewalls ( figure 6a-d, black circles) . The direction of rotation of these vortices is imparted by the vorticity of the imposed flow (as shown by the vorticity colour map in figure 6a-d) and results in vortices locally enhancing the streamwise velocity U x near the centre of the channel ( figure 6e-h ). When vortices Figure 4 . (a) Viscosity of a dense suspension of Bacillus subtilis, for motile (red squares) and non-motile (black squares) bacteria, measured using the microfluidic set-up described in [20] , as a function of the mean absolute shear rate computed at mid-plane over the width of the channel, S. The cell concentration was 1.2Â10 10 cells ml 21 . The black dashed line represents the numerical fit of the experimental data used to implement the numerical simulations, [25] . The blue full line represents the predicted value (m 1 ) for the viscosity of a dispersion of rigid rods having a similar aspect ratio and concentration to the bacterial suspensions used in our experiments according to [26] . rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160175 decay in intensity (figure 6, white circles), the streamwise velocity also decreases in magnitude ( figure 6e-h ). This analysis therefore reveals how vortices spontaneously generated by the collective motion of bacteria can be either sustained or dissipated by the mean flow and this in turn affects the mean velocity of the flowing suspension. We further explored the connection between intermittency and coherent structures in the collective motion of In addition to providing a reference system for the presence of intermittency, classic turbulence theory supplies a statistical approach-the calculation of Reynolds stresses [27] , which account for the strong enhancement in the transport of transverse momentum in classic turbulence-that can be adopted to explain the rheological properties of bacterial suspensions and is applicable here due to the presence of an imposed flow (Reynolds stresses vanish by symmetry in the absence of flow [27] ). The effect of small-scale velocity fluctuations produced by the collective bacterial motion on the mean flow is characterized by a stress tensor s ij ¼ h@V i / @x j þ t ij , where h and r are the fluid's dynamic viscosity and density, respectively, and t ij ¼ -rku i u j l t is the Reynolds stress tensor [27] , here obtained from the direct measurements of velocity fluctuations (figure 7c). In classic turbulence, h@V i /@x j and t ij have the same sign [27] : small-scale motions dissipate energy coming from the large-scale flow. By contrast, in bacterial turbulence these two terms have opposite signs over the entire width of the channel, signifying that the energy expended by the bacteria 'pushes' the fluid and injects energy into the flowing suspension. The vanishing of the Reynolds stress in flowing suspensions of non-motile bacteria (figure 7c) proves that its origin lies in the combined action of external flow and active bacterial motion.
The occurrence of bacteria in the human gut microbiome in densities comparable to those used here [4] suggests that the ability to directly observe such dense suspensions under controlled conditions may provide a useful model system for certain microbiome dynamics. This view is reinforced by the fact that the gut microbiome habitat is characterized by shear rates (0. Clearly, however, there are also fundamental differences, including the presence of mucus, differences in chemical conditions, with oxygen scarcity and oxygen gradients probably being prevalent in the gut [29] , as well as topographic complexity [30] , vis-à-vis the simple rectangular shape of the microchannels used here. Finally, it remains unclear how prevalent motility is in the human gut microbiome [31] . Some of these environmental features could be captured relatively simply in future versions of microfluidic model systems, with the advantage of providing an imagingbased, biophysically focused approach that is complementary to and often lacking in the majority of molecularly based microbiome studies. Only through integration with physiological and molecular approaches, though, can the full implications of physical processes such as the intermittency observed here be realized.
Conclusion
The presented results demonstrate that the coupling between the collective motion of bacteria and an imposed flow triggers a distinctive intermittency in the flow of dense bacterial suspensions. This phenomenon bears a strong similarity with the intermittency observed at the onset of classic turbulence in pipe flow. In line with this similarity, the observed intermittency was characterized by the absence of any spatial or temporal regularity and disappeared at increasing flow rates. We demonstrated that this intermittency is associated with the motility of the bacteria and in particular with the transient occurrence of vortices in their collective motion. By demonstrating the rich dynamics of an active suspension in flow, this work sheds new light on how patterns and self-organization emerge out of a multiplicity of simple interactions driven by environmental cues, a paradigm of many different processes in natural systems, from the swarming of microorganisms [32] and fish schools [33] to pedestrian crowds [34] . Furthermore, these experiments highlight the potential of the microfluidic approach to mimic fundamental features of the complex environment of the human microbiome, including the density of bacterial populations and the presence of fluid flow, shear and surfaces.
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